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Introduction
Cerium-based oxides have been studied in the framework of heterogeneous catalysis in recent years, and they have been used to control emissions of pollutants from the exhaust gases of gasoline engines in the three-way catalysts (TWCs). The key to understand the operation of these materials on TWC is based on their ability to release and store oxygen due to the redox couple Ce 3+ /Ce 4+ . The facility with which these catalysts improve oxygen mobility in the lattice is enhanced by the inclusion of other cations forming substitutional solid solutions, which can lead to non-stoichiometric mixed oxides. The final properties of these compounds depend on the conditions of temperature and gas atmosphere in which they are located. One of the most commonly used mixed oxides is ceria-zirconia (Ce x Zr 1-x O 2 ). Zirconium replaces cerium in their crystal lattice positions. This distorts the characteristic cubic fluorite structure of ceria and promotes the creation of oxygen vacancies, thereby facilitating the cerium oxide redox properties and the oxygen mobility in the lattice. Zirconium doping confers thermal stability to ceria as well. The importance of these mixed oxides as catalysts has raised several studies for application to different oxidation reactions [1] [2] [3] [4] [5] [6] [7] .
Catalysts based on noble metals, such as platinum, have been developed to promote the oxidation of NO to NO 2 , which is more oxidant than O 2 , and decrease the combustion onset temperature of soot. However, their high cost has led to the study of other lower-priced materials that can be competitive in terms of catalytic activity. These include, besides cerium-based catalysts, those using transition metals. The use of supported or exchanged copper into a cerium-based oxide improves the catalytic properties, as several studies indicate [8] [9] [10] [11] [12] [13] .
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A c c e p t e d M a n u s c r i p t
Copper-doped ceria (ceria-zirconia) mixed oxides have managed to overcome activity and selectivity of undoped oxides in reactions such as soot combustion [14, 15] .
As reported in the literature, copper-based catalysts have been investigated for the NO oxidation to NO 2 as well, using different supports, such as: zeolites [16] [17] [18] , alumina, titania, perovskites [19] [20] [21] , and also ceria [9, 14, 22] . In general terms, these studies point out that the copper-based catalysts enhance the activity towards the NO oxidation to NO 2 , even at low temperatures, with regard to the bare supports. Therefore, active catalysts with formulation CuO/Ce x Zr 1-x O 2 are promising candidates to replace noble metals catalysts, but with lower cost. The ceria-zirconia supports are able to disperse and stabilise copper particles on its surface improving the activity and preventing sintering. The Cu-ceria interface interactions confer a synergistic effect, which enhances the redox properties of the catalyst due to the stabilisation of highly reactive copper species [8-13, 21, 23-25] . These types of catalysts have already been studied in other reactions with technological interest, such as CO oxidation, CO preferential oxidation in H 2 -rich streams (CO-PROX) or methanol synthesis from CO and H 2 [8, 12, 13, [26] [27] [28] [29] [30] .
The overall aim of this research is the preparation and detailed characterisation of mixed oxides with CuO/Ce 0.8 Zr 0.2 O 2 formulation, prepared with several copper contents, and its application to the catalytic NO oxidation to NO 2 and soot combustion in a NOx/O 2 gas mixture. The choice of the particular formulation Ce 0.8 Zr 0.2 O 2 for the support has been done according to our previous optimisation studies [2] .
Experimental

Catalyst preparation
The Ce 0.8 Zr 0.2 O 2 mixed oxide (denoted as CZ) has been synthesised by the coprecipitation method in alkaline medium, by using the cerium and zirconium precursors In order to verify the reproducibility of the copper impregnation method, the synthesis was repeated in a new batch for Cu 2%. This sample was denoted as Cu 2%-re.
The actual copper content on the catalysts were close to the nominal values, as verified by ICP-OES (Perkin Elmer, Optima 3000). The copper was extracted from the catalysts using a mixture of concentrated HCl/HNO 3 (3/1 ratio).
Characterisation techniques
The specific surface areas of the samples were determined by the BET method.
N 2 adsorption-desorption isotherms were obtained at -196ºC in an automatic volumetric system (Autosorb-6B from Quantachrome) after degassing the samples at 250ºC for 4 h.
The specific pore volume was calculated from the desorption branches of the isotherms at P/P 0 = 0.98 following the criteria used by Moretti et al. [31] . The pore size distribution of the materials was analysed using the Barrett-Joyner-Halenda (BJH) method.
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Powder XRD patterns were recorded in a Bruker D8 advance diffractometer, using the CuKα radiation (λ = 0.15418 nm). Diffractograms were recorded between 10º
and 60º (2θ) with a step size of 0.05º and measuring for 3s at each step. Indexation and calculation of unit cell parameters were performed by using the positions of line (111) and Bragg's law, considering cubic system for ceria fluorite structure. The estimation of crystal size was carried out using the Scherrer's equation and, due to possible effects of strain in the crystallites, the Williamson-Hall's method was applied as well [32] [33] [34] . In order to improve accuracy, crystal sizes were estimated as an average value from those obtained from three representative fluorite reflections ((111), (220) y (311)), since the corresponding individual measurements showed small deviation among each other.
Raman spectra were performed in a Bruker RFS 100/S Fourier Transform Raman Spectrometer with a variable power Nd:YAG laser source (1064 nm). 64 scans at 85 mW laser power (70 mW on the sample) were recorded and no heating of the sample was observed under these conditions.
The TEM analysis was conducted using a JEM-2010 Transmission Electron
Microscope (JEOL). The microscope is equipped with an imaging camera SC600 ORIUS (GATAN) which is integrated within the program of acquisition and image processing.
XPS spectra were obtained using a K-Alpha spectrophotometer (ThermoScientific), with a high resolution monochromator. It comprises a source of electrons and ions for automated load compensation. The X-ray radiation source comprises an Al anode (1486.6 eV). The pressure of the analysis chamber was kept at 5·10 A c c e p t e d M a n u s c r i p t cations with regard to the total cerium on surface was calculated as described by Laachir et al. [35] .
The analysis of the Cu-2p 3/2 and Cu-L 3 VV Auger spectra was used to obtain information about the nature of the copper species present on the surface of the samples.
The photoreduction of highly dispersed copper species on catalysts due to the irradiation of X-rays in the analysis chamber is possible according to literature [10, 36] .
In order to compare the results, a sample of CuO has also been analysed. consumption. 20 mg of sample were placed in the reactor for each experiment. The reducing gas used was 5% H 2 in Ar, with a flow rate of 35 ml/min. The temperature range explored was from room temperature to 1000ºC with a heating rate of 10ºC/min.
An in situ pre-treatment was carried out under 5% O 2 in He. The sample was heated at 10ºC/min from room temperature up to 500ºC, maintaining the maximum temperature for 60 min.
Catalytic measurements
The catalytic tests were performed in a tubular quartz reactor coupled to specific NDIR-UV gas analysers (Fisher-Rosemount, models BINOS 100, 1004 and 1001) for CO, CO 2 , NO, NO 2 and O 2 monitoring. For the NO oxidation tests, 80 mg of catalyst were diluted with 320 mg of SiC to avoid pressure drop. The gas mixture used comprised 500ppm NOx, 5% O 2 and balance N 2 ; the gas flow was fixed at 500 ml/min (GHSV = 30000 h −1 ). The experimental set-up has been designed in order to ensure that the proportion of NO 2 in the NO+O 2 mixture fed to the reactor is negligible. The catalytic tests consisted of temperature programmed reactions, where the temperature was increased from room temperature up to 700ºC at 10ºC/min under the reactive atmosphere, with the purpose of quantifying the NO to NO 2 oxidation capacity of the catalysts.
M a n u s c r i p t
The NO 2 production profiles were determined in relation to the total amount of NOx as a temperature function using the following equation (1) 
Results and discussion
Textural and structural characterisation
Original first paragraph compiled on Supplementary Information.
Surface area values (S BET ) are shown in Figure 1 and works related to samples prepared by this same procedure [27] . The presence of mesoporosity was assessed from the N 2 physisorption isotherms and the BJH pore size distributions (see Fig. S1a and S1b from the Supplementary Information).
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The specific pore volume (V s ), calculated from the isotherms as described for this kind of materials [31] , concurrently diminishes for catalysts with more than 1% copper loading ( Figure 1 As collected in Table 1 , lattice parameters estimated for the copper-containing catalysts are close to that of the support. This suggests that copper remains essentially on the surface, and it is not significantly incorporated into the fluorite structure, as could be promoted by other synthesis routes (e.g. microemulsion-precipitation) [13, 27, 31] .
The XRD patterns also showed very broad main peaks, suggesting, a priori, small crystal sizes. The determination of the crystal sizes can be approached by means of Scherrer's equation in agreement with Zhang et al. [34] . This is accounted for in the supporting information (see Figure S2 and comments appended).
The mentioned average crystal sizes are also listed in Table 
M a n u s c r i p t
The XRD results are well complemented by the Raman study. Figure 3 shows the Raman spectra of the samples, all with a main band at 473.5 cm -1 ascribed to the F 2g vibration mode of the fluorite structure of ceria. The intensity of this band decreases by increasing the copper loading, which could be related to the optical absorption of copper. Shan et al. [37] reported very reduced Raman modes for a CuO-CeO 2 physical mixture, compared with pure CeO 2 , due to the strong absorption of CuO in the studied region (400-1200 cm -1 ). However, it must be taken into account that the presence of copper neither affects the position of the F 2g band at 473.5 cm -1 nor the band broadening (Table 1) . Results reveal that copper is not loaded into the ceria-zirconia lattice or there is a small incorporation of copper at surface or subsurface positions of the lattice; which might not be detected by Raman spectroscopy for these catalysts. Copper incorporation into the lattice would have been detected by the red shift and the broadening of the main F 2g mode, as published by Gamarra et al. [27] .
Finally, very low intensity Raman bands have been found at ≈120 cm -1 and 292 cm -1 for the ceria-zirconia support spectrum, which can be associated to Zr incorporation into the ceria lattice with the consequent distortion of the framework symmetry. Additionally, the weak and broad band extending between 560 and 650 cm -1 can be associated to the presence of oxygen vacancies [26, 27, 38] .
As a conclusion of data obtained by XRD and Raman spectroscopy, it can be predicted the possible existence of the pseudocubic t" metastable phase on the ceriazirconia support [1, 3] . This t" phase differed from the symmetric cubic c phase only in that some oxygen ions are displaced from their ideal octahedral positions of the fluorite structure to new tetragonal positions, while all cations remain in their face cubic centred positions [1, 3, 29] . This also applies to 0.5%Cu/ceria-zirconia, but is not so obvious for catalysts with higher copper loadings. The progressive loss in Raman intensity with the copper content makes it difficult to distinguish between the t'' and c phases. Finally, the presence of a very weak band detected at 294 cm -1 (not apparent due to the scale) for the highest copper-containing sample (Cu 6%) is compatible with the presence of crystalline CuO on this sample, as observed by XRD. This also agrees with previous results from Gamarra et al. [27] where the same minor detectable signal was seen for a 5%Cu/CeO 2 sample. M a n u s c r i p t TEM has been used in order to analyse the morphology of the samples. Figure   S3 , from Supplementary Information, illustrates the images of some representative samples: the ceria-zirconia support and the catalysts with 0.5%, 4% and 6% of copper loading. The presence of aggregates of multiple nanoparticles can be generally observed. The interplanar distances of the lattice fringes observed are compatible with the fluorite structure in all cases. Evidences of copper were not found in any of the multiple pictures taken from these samples, in spite of the relatively high copper loading in some of the samples studied [27] .
XPS Characterisation
The catalysts were analysed by XPS to verify, semi-quantitatively, the surface composition and the oxidation states of copper [39] and cerium. Table 2 lists the several atomic surface ratios and the Ce 3+ percentage (with regard to total cerium) on surface.
To begin with, the Ce/Zr surface atomic ratios for these samples indicate zirconium enrichment on the periphery of the particles, in accordance with the values of the solubility constants (4·10 -51 for the cerium (IV) hydroxide, and 2·10 -48 for the zirconium hydroxide), as explained in a previous article [3] . This ratio is kept more or less constant for all catalysts (see Table 2 ). The Ce4d/Ce3d ratios provide information about the distribution of cerium in terms of the analysis depth. Higher analysis depth is obtained for Ce4d as a consequence of lower binding energies for this photo-ionisation level. The Ce4d/Ce3d ratios are always higher than 1, which is consistent with the zirconium enrichment on the surface, that is, the cerium concentration increases from the periphery to the subsequent layers of the particles.
The Cu/(Ce+Zr) sur surface ratios were estimated and compared to the bulk atomic ratios (appearing as Cu/(Ce+Zr) nom in Table 2 ). The ratio between these two parameters (Cu/(Ce+Zr) sur divided between Cu/(Ce+Zr) nom ) is a measurement of the copper enrichment on surface. All the samples present a copper-rich surface, as expected, and this enrichment increases linearly with the copper content from 1.19 to 3.85 (representation illustrated on Figure S4 of the Supporting Information). This means a very good distribution of copper inside the accessible porosity, mainly for the catalysts with lower amount of copper, as the copper enrichment is close to 1; even Moreover, the spontaneous reduction that ceria-zirconia materials could suffer by the action of the X-ray irradiation combined with Ultra-High-Vacuum environment should not be discarded. All these issues were well commented in a previous publication [40] .
Regarding the analysis of the surface copper, Cu-2p photoelectron and Cu-L 3 VV
Auger spectra have been rigorously analysed in an attempt to obtain information about the nature of the copper species. Usually, the characterisation of the oxidation states of copper is performed by comparing the Cu-2p 3/2 peak position and Auger parameter values (α') in a Wagner plot [41] . However, an extensive review of the literature data points out the intrinsic difficulty in the identification of the copper oxidation state on an XPS-only basis, particularly in cases where the copper phase is highly dispersed onto a support [10, [42] [43] [44] . In this sense, Espinós et al. [39] proved that this procedure may result in misleading data, because both parameters (Cu-2p 3/2 peak position and Auger parameter) showed to be affected by the degree of copper dispersion in a series of CuO samples supported on various oxides, such as ZrO 2 .
Therefore, the evolution of Auger Cu-L 3 VV and Cu-2p 3/2 spectra for copper catalysts are shown in Figure 4 and Figure 5 , respectively. For comparative purposes, the profile obtained with a CuO bulk reference sample has been included in the representations. The position of the main peak shifts to higher kinetic energies with the copper content in the Auger spectra series ( Figure 4 ) and higher binding energy values M a n u s c r i p t of the Cu-2p 3/2 peak position ( Figure 5 ) are found as well. All these data are shown in Table 3 , revealing that they are very sensitive to the copper dispersion degree on the support, according to Espinós et al. [39] . Additionally, Table 4 shows the representative values of binding energy and Auger parameter, taken from the literature, for copper species in well-defined materials. The parameters obtained experimentally for CuO bulk
show an excellent agreement with those reported in the literature [10, 44] .
In an attempt to add more information on that subject, the Cu-2p 3/2 satellite peak has been analysed. It is known that for Cu-containing compounds, the existence of the characteristic satellite peak in the Cu-2p spectra is indicative of Cu 2+ presence, since the The corresponding ratios for the copper-containing samples are listed on Table   3 . It is observed that the results are far from 0.50 for the low copper content samples, and closer to 0.50 for Cu 4% and Cu 6%, which also present similar values of main peak position and Auger parameter with regard to CuO. It is important to bear in mind that for those two samples, evidences of CuO phase were identified by XRD. Therefore, based on the whole experimental results, it should be underlined that copper is present mainly as a CuO-like phase for these two samples, although the presence of some Cu + species cannot be discarded [8, 11] .
Conversely, the experimental evidences point out that the low values of A sat /A mp found for the rest of the samples suggest the coexistence of Cu 2+ /Cu + species during the XPS analysis. Due to possible photoreduction in the spectrometer, it is difficult to estimate the accurate degree of reduction of the copper species, but the calculations provide valuable information for catalysts comparison. Thus, according to the survey of literature, different hypothesis are compiled and underlined here in an attempt to explain these experimental results: i) a better dispersion of copper yields to a higher photoreduction of copper, due to the X-ray irradiation during the XPS measurement [36] or ii) due to strong support interfacial interaction, the Cu + ions can be stabilised by A c c e p t e d M a n u s c r i p t interactions with the ceria-zirconia [10] . It should not be excluded the possible substitution of some cerium surface positions by some copper ions, although copper substitution into the fluorite structure was not confirmed by bulk techniques.
Finally, it should be noticed that the comparison of the binding energy (BE) and the Auger parameter (! ') of the supported catalysts, obtained by the same synthesis procedure and the same precursors, provides some indirect and qualitative information about the dispersion degree of the supported phase, since these parameters are very sensitive to the dispersion degree of copper oxides. From 0.5 to 2% of copper loading, a high copper dispersion degree is suggested to take place, whereas for the highest copper loading, the existence of CuO bulk entities seems to be evident from the different techniques studied [39] .
To conclude the characterisation part, we must also consider that the quantitative determination of dispersed CuO particles, by employing classical chemisorption techniques, is precluded in this type of samples due to the large reactivity of the support itself [27] . However, some qualitative information about the nature of copper species can be obtained from H 2 -TPR patterns analysis.
H 2 -TPR characterisation
H 2 -TPR experiments have been carried out in order to investigate the reducibility of the catalysts, whose profiles are shown in Figure 6 (a) and (b). A single broad peak was found for the ceria-zirconia sample, starting at about 500ºC and centred at 608ºC. As all the samples were pre-treated in situ under O 2 at 500ºC to eliminate most of the surface contamination, it seems reasonable to deduce that the broad peak obtained corresponds to the reduction of Ce 4+ to Ce 3+ (equation (2)), because Zr 4+ reduction occurs above 1000ºC [3, 47] . Also, the presence of a single peak for this sample suggests that surface and bulk Ce 4+ cations reduction occur concurrently due to the good bulk oxygen mobility allowed by the presence of Zr 4+ cations in an appropriate ratio [3] .
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The reduction profile of pure CuO is characterised by a single peak at 350°C. In contrast, a two-step reduction profile is observed for all the Cu-containing samples, with peak temperatures considerably lower than those of pure CuO and ceria-zirconia. This indicates the existence of a synergistic effect between copper and the mixed oxide which promotes improved reducibility [13, 30, 31, [48] [49] [50] .
In Figure 6a , the reduction peaks observed from 160 to 300°C should not be only attributed to copper reduction. Indeed, quantitative estimations reveal overall H 2 consumptions exceeding the amounts required for Cu 2+ reduction, because considering the stoichiometry of equation (3), the H 2 /CuO molar ratio should be 1. However, these experimental ratios, (expressed as H 2 /CuO molar ratio obtained and listed in Table 5 ), underline that the H 2 consumptions are much higher than those necessary for the theoretical reduction of copper in the samples, suggesting that concomitant ceria reduction is also taking place, as agreed by several authors [13, 31] . In addition, the contribution of hydrogen spillover on the support should not be excluded, according to The difference between the experimental and theoretical H 2 consumption is an estimation of the H 2 amount or "extra H 2 " due to ceria reduction (and potential spillover contributions). A quite linear relationship between the amount of H 2 due to ceria reduction and the copper content on samples has been found, (results represented on Figure S5 of the Supporting Information), with the exception of Cu 0.5% whose estimation is similar to that of Cu 1%. This suggests that copper catalyses the reduction of cerium by H 2 . Even though it is not easy to construct a direct correlation between the reduction characteristics of CuO-CeO 2 catalysts and their activity in oxidation reactions [51] , this observation should be connected to the very similar NO to NO 2 oxidation curves shown by both samples, in spite of having different copper loadings, as we comment below. In fact, some qualitative relationships between H 2 -TPR results and activity data can be established by copper-containing catalysts, in accordance with many authors [52] .
M a n u s c r i p t
In order to gain an insight into the reducibility behaviour of this series of samples, the deconvolution of the H 2 -TPR curves has been performed and represented in Figure 6b . The profiles of samples with low copper content consist of a combination of three broad contributions, denoted as α, β and γ. According to literature [53, 54] and to our analysis, the attribution of the TPR contributions is as follows: the first peak (α)
can be attributed to the reduction of highly dispersed copper oxide species, strongly interacting with ceria-zirconia [53] . The third peak (γ) is always quite intense and can be ascribed to the presence of CuO, with less interaction with the support, as well as the simultaneous Ce 4+ reduction and H 2 spillover.
The Cu 0.5% profile is clearly different from those of Cu 1% and Cu 2%, beginning at higher temperature; but in spite of that, the Cu 0.5% catalyst is expected to present a high copper dispersion, as proven by XPS results and good catalytic activity results (shown below). In order to reconcile the experimental data obtained, it is important to pay attention to the second contribution (β). Some authors [55] assign this second contribution, appearing between the α and γ peaks, to the presence of isolated Cu 2+ ions or highly dispersed clusters. According to Kundakovic et al. [55] , when copper content is sufficiently low, copper is well-dispersed. This species is believed to be more difficult to reduce, thus appearing at higher temperatures than that of α peak.
Therefore, the TPR profiles shown clearly reveal features related to structural/morphological differences in the CuO x entities involved. For samples with 4 and 6% of copper, the contributions appear at higher temperatures, proving a lower reducibility due to a worse copper-support contact. Actually, the sample with the highest copper content presents a fourth contribution (δ), probably ascribed to bulk-like CuO particles, in accordance with the XRD analysis which revealed the tenorite CuO reflexions.
Last paragraph omitted. A c c e p t e d M a n u s c r i p t values. In this sense, for ceria-zirconia, a maximum value of 26% NO 2 was found at 416°C, while this value was 40% at 380°C for the Cu 0.5% sample. These data are in accordance with previous results obtained in the CO-PROX reaction [12, 13, 26, 27, 31, 38, 50] , where the performances of the CuO x -CeO 2 and CuO x -Ce x Zr 1-x O 2 catalysts appear to be improved by the presence of highly dispersed copper species on the ceriabased materials surfaces, favouring the formation of oxygen vacancies at the copperceria boundaries [8, 11, 12, 27] .
Catalytic oxidation of NO to NO 2
It is worthwhile to establish comparison among Cu 0.5%/Cu 1% samples and the CuO bulk sample, being the latter more active than the CZ support. The synergistic effect of the CuO/ceria-zirconia interfaces that promotes catalytic oxidation reactions, as reported by several authors [12, 25] , is clearly evidenced by the shift towards lower temperatures of the capacity to oxidise NO of the low copper content samples with regard to both CuO bulk and ceria-zirconia. However and as a consequence that CuO is also active for NO oxidation since 250°C, the maximum activity reached by the lowest copper content samples is a little bit lower than that of CuO.
The samples with a 0.5 and 1% of copper showed quasi-identical oxidation curves, which could be consistent with their similar "extra-H 2 " values estimated from H 2 -TPR. On the other hand, higher NO 2 conversions are achieved by catalysts with copper contents between 2 and 6 %, with minor differences among them. An optimum value was found for a 4% of copper loading. As the copper content increases, there is an enhancement in the copper surface enrichment (XPS), which affects the dispersion, the CuO x /ceria-zirconia interfaces and cerium surface locations accessible to reaction gases, which are also catalytically active for the NO oxidation to NO 2 . It is important to remind that bulk CuO is quite active for the NO to NO 2 oxidation reaction at high temperatures. The overall balance of all these factors seems to be very delicate, and as a consequence of this, the best behaviour is seen for Cu 4% sample. Even though, there are minor differences for the catalysts with copper content higher or equal than 2%.
This paragraph taken to the next section.
Finally, the NO oxidation capacity of the copper/ceria-zirconia catalysts has been compared to that of a reference 1%Pt/alumina catalyst, and the NO 2 profile M a n u s c r i p t obtained with the noble metal catalyst has also been included in Figure 7 . As expected, the noble metal catalyst is much more active as NO oxidation catalyst, and the differences are more important at low temperatures, where thermodynamic restrictions do not exist. It has to be taken into account that soot combustion needs a minimum temperature of 250-300ºC to occur at an appreciable rate, and therefore, the NO 2 produced by the platinum catalyst below this threshold will not be really useful.
In order to compare the copper and platinum catalysts behaviour in the soot combustion reaction, isothermal experiments have been performed with selected catalysts at 400ºC.
Catalytic soot combustion
Firstly, soot combustion experiments under TPR conditions were carried out with the set of samples analysed in the previous section in order to select representative catalysts to perform the isothermal study. Figure 8 illustrates the detail of the soot combustion curves (only low/medium temperatures and low values of conversion). It is interesting to note that the highest activity is shown by Cu 2% sample and the trends in activity exhibited by the samples are seen changed as the reaction temperature increases. Thus, for example, ceria-zirconia is the least active sample at the beginning of the reaction, but its behaviour is progressively improved until becoming the second sample in the activity order (just after Cu 2%). A reasonable hypothesis to explain these results is the relevance of the active oxygen assisted-soot combustion (becoming prevalent at high temperatures) besides the NO 2 -assisted soot combustion, which is important to initiate the soot combustion process, as previously reported by the authors [2, 56] . It is interesting to remind that the BET surface areas decrease progressively as the copper loading increases on the samples (from 96 to 57 m 2 /g) and this fact diminishes the active oxygen transfer to the soot surface as the point of contacts among the soot surface and the catalyst particles play a key role under the loose contact mode.
Therefore, it seems to be a compromise among a certain copper amount, which promotes an effective NO oxidation capacity at low temperatures and a minor loss in BET. The balance among these features yields Cu 2% as the optimum copper content for soot combustion under NOx/O 2 in the range of temperatures considered.
M a n u s c r i p t
From the results shown on Figures 7 and 8 , it is important to point out the similar catalytic performance between the samples Cu 2% and Cu 2%-re, which can be easily justified based on the similarity in their textural, structural and redox properties (see Tables 1, 2, 3 and 5) . This confirms the reproducibility of the impregnation method to incorporate the copper onto the ceria-zirconia support.
Considering the results under Temperature Programmed conditions, Figure 9 plots the isothermal soot oxidation rates at 400°C against soot conversion for three representative catalysts: Cu 2%, the commercial 1%Pt/Al 2 O 3 catalyst and the bare support, for comparative purposes. It has to be mentioned that the uncatalysed soot combustion rate is negligible in the experimental conditions of these experiments. Figure 9 shows that 1%Pt/Al 2 O 3 is the most active in terms of mass of catalyst, followed by Cu 2% and finally CZ, and this trend is consistent with the soot combustion profiles. However, the difference between the rate obtained with the 1%Pt/Al 2 O 3 and the Cu 2% catalysts is always lower than 25%. This means that, from a practical point of view, the volume of a DPF loaded with a Cu 2% sample should be approximately 25% larger than that of a DPF loaded with 1%Pt/alumina (considering the same mass of catalyst per volume of DPF) to obtain similar soot combustion rates at 400ºC. The important conclusion is that this increase of the DPF volume can be assumed in a lightduty diesel vehicle.
In addition, if the soot combustion rates of Cu 2% and commercial 1%Pt/Al 2 O 3 are compared in terms of price, the most efficient catalyst is Cu 2%, as shown in Figure   10 . The approximate price of each catalyst has been calculated only considering the price of the raw precursors [57] (see data in Table S1 from the Supporting Information) and the other variables involved in the manufacturing process have been ignored for simplicity. Obviously, these prices can fluctuate depending on the noble metals market, on the amount of catalyst prepared and so on, but this approximate estimation suggests that the copper/ceria-zirconia system could be a competitive substitute to the noble metal-based catalysts.
Conclusions
This research has been dedicated to the preparation, characterisation and study of the catalytic activity of CuO/ceria-zirconia catalysts, and the general conclusions that have been drawn are the following:
! ! BET surface areas and specific pore volumes of the catalysts decrease by increasing the copper content, due to the blocking of porosity. M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t Tables   Table 1 Main parameters obtained from the textural and structural characterisation. M a n u s c r i p t Table 3 XPS parameters obtained from de Cu-2p 3/2 and Cu-L 3 VV spectra. 
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